X. C1q-TNF-related protein-9, a novel cardioprotetcive cardiokine, requires proteolytic cleavage to generate a biologically active globular domain isoform.
deleterious cardiac remodeling and poor outcome in diabetic patients. As diabetes and its collateral consequences continually escalate, so does the urgency of identifying new therapeutic strategies ameliorating diabetic ischemic injuries.
Adiponectin (APN) is an abundant protein primarily produced by the body's adipocytes. Since its discovery in 1995, it has been intensely investigated by researchers of various body system fields. Among APN's major metabolic functions, its vasculoprotective and anti-ischemic properties are of great therapeutic interest in the setting of diabetic ischemic injury. However, several limitations detract from the employability of APN as a therapeutic ideal. First, although we have demonstrated that APN is indeed locally produced in the heart (31a), such quantities are dwarfed by the circulatory amounts produced by the body's adipose reserves. Second, APN-deficient animals manifest an unimpressive phenotype not exhibiting derangement until metabolically challenged, suggesting the existence of compensatory mechanisms at play in the absence of APN. Third, the most biologically active isoform of APN is its globular COOH-terminal domain (gAPN), postulated to exist in vivo (8) . However, in practical terms, circulatory gAPN levels are virtually undetectable.
The C1q tumor necrosis factor (TNF)-related proteins (CTRPs) are a newly discovered family of adiponectin paralogs (5, 37) . Studies have described various metabolic properties of select CTRP members 1 through 15. Of all CTRPs identified thus far, CTRP9 shares the greatest amino acid overlap with APN (36) . Similarly to APN, total plasma CTRP9 levels are significantly reduced in diabetic animals (27) . However, a very recent study demonstrated that, in dissimilar fashion to APN-deficient mice (which lack phenotypic changes under physiological conditions), CTRP9-deficient mice were obese and insulin resistant and developed hepatic steatosis with reduced skeletal muscle AMPK activation and mitochondrial content (41) . Such results provided genetic evidence for a physiological role of CTRP9, suggesting that CTRP9 may play a significant role in cardiovascular homeostasis.
The cellular secretome influences the local microenvironment, controlling disease development (18) . The secretomes produced by the heart, collectively known as "cardiokines", are increasingly recognized as essential regulators of cardiac physiology and pathology (25) . Emerging evidence indicates that CTRP9, unlike APN, is not a typical adipokine and may function as a cardiokine. The initial CTRP tissue distribution study (employing semiquantitative PCR) demonstrated that the heart is the third most abundantly CTRP9-expressing organ (36) . We (27) recently demonstrated that CTRP9 is the most abundantly expressed adipokine in the heart, exceeding local APN expression more than 100-fold, with local cardiac CTRP9 levels exceeding plasma CTRP9 levels more than twofold. A very recent study utilizing fully quantitative PCR reported that CTRP9 mRNA is predominantly expressed in the heart, at levels 2.5-fold greater than adipocyte expression levels (2). Moreover, several recent studies, including those from our laboratory, demonstrated that CTRP9 is a potent cardioprotective molecule capable of attenuating acute ischemia/reperfusion injury, post-MI pathological ventricular remodeling, and ischemic heart failure in nondiabetic and diabetic animals (14, 27, 28) . Collectively, considerable evidence exists supporting CTRP9 as a novel protective cardiokine attenuating diabetic cardiovascular injury.
The aims of the current study were to determine 1) whether CTRP9 production is altered in diabetes and the APN knockout (KO) condition, 2) whether CTRP9 is a novel cardiokine, and 3) whether CTRP9 is cleaved, producing a globular domain format, as recently reported for CTRP12. (41) . Adult (6 wk old) male C57BL/6J mice were randomized and fed a high-fat diet (HFD; 60% kcal% fat, Research Diets, D12492i) or normal diet (ND, 10% kcal% fat, D12450Bi) for 8 -16 wk.
MATERIALS AND METHODS

Materials
CTRP9 gene cloning, protein purification, and 3T3-L1 cell transfection. Total RNA was extracted from mouse adipose tissue by RNeasy Lipid Tissue Mini Kit (Qiagen, Valencia, CA), and 5 g of total RNA was used for reverse transcription with a SuperScript III First-Strand Synthesis System Kit (Life Technologies, Grand Island, NY). The synthesized cDNA was used to amplify gCTRP9 (AA 194-333) or full-length CTRP9 (fCTRP9) gene by CloneAmp HiFi PCR Premix (Clontech Laboratories, Mountain View, CA). The DNA sequences of gCTRP9 were inserted into prokaryotic expression vector pET45b (Novagen, Billerica, MA) using an In-Fusion HD Plus EcoDry Cloning System (Clontech Laboratories, Mountain View, CA). DE3 bacteria carrying gCTRP9 plasmids were cultured in LB broth, and gCTRP9 protein was purified by Ni-NTA column resin under native conditions, as previously reported (41) . Endotoxin was removed (Ͻ1 EU/g protein) by ActiClean Etox exdotoxin cut-off resin (Sterogene, Carlsbad, CA). Proteins were concentrated and desalted by Amicon Ultra-15 filter (Millipore, Billerica, MA) in PBS buffer. The fCTRP9 gene was inserted into COOH-terminal-FLAG Tag eukaryotic expression vector pCMV Tag 4A (Stratagene, La Jolla, CA) or dual-Tag eukaryotic expression vector p3xFLAG-Myc-CMV-24 vector (Sigma) by In-Fusion HD Plus EcoDry Cloning System (Clontech Laboratories). The endotoxin-free plasmid was prepared by PureYield Plasmid Miniprep System (Promega, Madison, WI) for HEK 293T cell transfection by calcium phosphate method as reported before (4) . CTRP9 in culture medium (containing fCTRP9 and its cleaved fragments) and cell lysates (containing fCTRP9 only) was purified by Anti-Flag M2 Affinity Gel and eluted via 100 -150 g/ml FLAG peptides, concentrated, and desalted as described above.
3T3-L1 preadipocytes were cultured in high-glucose DMEM complete culture medium supplemented with 10% fetal bovine serum and antibiotics. At around 70 -80% confluence, cells were transfected by Xfect Transfection Reagent (Clontech Laboratories) per the manufacturer's instructions. After 48 h culture and 3ϫ PBS washes, the transfected medium and cell lysates were analyzed by Western blot.
Adult cardiac cell isolation and culture. Hearts were removed under 2% isoflurane anesthesia and perfused at 37°C for 30 s in Langendorff perfusion system with a calcium-free bicarbonate-based buffer. Enzymatic digestion was initiated by adding collagenase type B/D (Roche) to the perfusion solution. Ca 2ϩ (50 M) was added to the enzyme solution 5 min after digestion. The heart was continually perfused for another 10 min. The left ventricle was then removed, cut into several sections, and further digested in a shaker for 10 min at 37°C in the same enzyme solution. The supernatant containing the dispersed cardiac cells (cardiomyocytes and cardiac fibroblast cells) was filtered into a sterilized tube, and centrifuged at 800 g for 1 min. The cell pellet was then resuspended in bicarbonate-based buffer containing 125 M Ca 2ϩ and planted in laminin precoated culture dishes. CTRP9 protein expression levels in cultured cardiac cell medium were detected by mouse CTRP9 ELISA kit (Aviscera Bioscience) per the manufacturer's instructions.
Quantitative real-time PCR. Epididymal fat pad and heart were removed under isoflurane anesthesia. Total tissue RNA was extracted via RNeasy Mini Kit (Qiagen). First-strand cDNA was synthesized from total RNA by Superscript III First Strand cDNA Synthesis Kit (Life Technologies, Grand Island, NY). Real-time PCR was performed on the ABI 7900 using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) per the manufacturer's protocol. Forward/reverse primer sets for CTRPs, APN, and 18S were established per previously published protocols (36) .
Western blot analysis. Proteins in serum (purified using a Pierce Albumin and IgG Removal Kit; Pierce, Rockford, IL), cell lysates, or conditioned medium were separated on sodium dodecyl sulfatepolyacrylamide electrophoresis gels and transferred to PVDF membrane (Millipore, Billerica, MA) by semidry transfer system (Bio-Rad, Hercules, CA). After 5% nonfat milk blocking, the membrane was incubated with primary antibodies at 4°C overnight followed by horseradish peroxidase-conjugated secondary antibody. The membrane was developed with a SuperSignal West Femto Chemiluminescent Substrate detection kit (Pierce) and visualized with Kodak Image Station 4000R Pro (Rochester, NY).
Statistical analysis. All values in the text and figures are presented as means Ϯ SE of n independent experiments. All data (except Western blot density) were subjected to ANOVA followed by Tukey correction for post hoc t-test. Western blot densities were analyzed by Kruskal-Wallis test followed by Dunn's post hoc test. Probabilities of 0.05 or less were considered statistically significant.
RESULTS
Identification of CTRP9 as an important molecule in diabetes.
Because CTRPs are novel APN paralogs (and APN is a potent cardiovascular protective molecule), we were intrigued that CTRPs might play significant roles in diabetic cardiovascular complications. To determine which of the fifteen CTRP members identified to date might act as overlapping regulators compensating the beneficial actions of APN in APN-KO animals, two experiments were performed.
First, CTRP transcript levels in the adipose tissues of wildtype (WT) and APN-KO mice fed normal diet (ND) were screened. As summarized in Fig. 1A , among 15 CTRPs, five CTRPs were significantly upregulated (Ͼ2-fold) in APN-KO mice compared with WT mice. Second, CTRP transcript levels were determined in the adipose tissues of C57BL/6J mice fed ND or HFD for 8 wk, a time point previously demonstrated by our laboratory at which HFD-induced type 2 diabetes develops in C57BL/6J mice. As summarized in Fig. 1B , four CTRPs were significantly (Ͼ25% reduction) reduced in HFD-induced diabetic animals. Taken together, the data from APN-KO and HFD-induced diabetic animals suggest that two CTRPs (CTRP3 and CTRP9) are promising CTRP candidates involved in diabetic cardiovascular protection.
CTRP9 is a novel cardiokine. Cardiac cells (including myocytes, fibroblasts, vascular cells, and progenitor cells) secrete various regulatory proteins, collectively known as cardiokines (6, 25) , which regulate cardiac function/structure. As cardiac APN expression levels are several orders of magnitude below those of adipocytes (Ͻ1:100,000), APN is an unlikely physiologically relevant cardiokine (31a). To determine whether any CTRP might function as a cardiokine, several experiments were performed.
First, mRNA expression levels of 15 CTRPs were determined concomitantly with APN in C57BL/6J mouse hearts. Several CTRPs (including CTRP1, CTRP4, CTRP7, CTRP9, and CTRP13) were expressed in the heart at levels significantly greater than that of APN. Most notably, the mRNA level of CTRP9 exceeded APN's more than 100-fold in cardiac tissue ( Fig. 2A) . Second, adult cardiac cells were isolated and cultured in vitro. Conditioned medium was collected 1-8 h after culture, and CTRP9 protein levels were determined by ELISA. A significant increase of CTRP9 in conditioned medium was detected in as early as 1 h in culture, steadily accumulating thereafter (Fig. 2B) . These results provided evidence that CTRP9 is a novel cardiokine with significantly inhibited expression when mice are fed HFD for 8 wk or longer, a time point when HFD-induced type 2 diabetes develops (41) .
CTRP9 undergoes proteolytic cleavage, producing gCTRP9. Proteolysis is one of the most important posttranslational modifications of the proteome. Whereas it is debated whether APN undergoes proteolytic cleavage with biological relevance in vivo, recent studies provide clear evidence that CTRPs (particularly CTRP12) circulate primarily as globular domain isoforms. Additionally, full-length CTRP12 (fCTRP12) and the globular domain of CTRP12 (gCTRP12) preferentially activate different downstream signaling pathways (34) . Our next discovery relating to the proteolytic processing of CTRP9 originated from our initial CTRP9 experiments.
During our initial CTRP9 experiments, two bands were observed when Western blot was run on plasma utilizing antibody against CTRP9. The antibody we employed to detect CTRP9 specifically recognized an epitope against COOHterminal sequences of CTRP9. The upper band exhibited molecular mass slightly exceeding 37 kDa, corresponding to intact CTRP9 with glycosylation, as previously reported (36) . We did not initially pay special attention to the lower band, believing it to be a nonspecific reaction. However, as we repeated Western blots in independent experiments, we consistently found tht the lower band was a CTRP9 fragment consisting of the COOH-terminal sequences. In purified plasma samples, the lower band is much stronger than the upper band (Fig. 3Aa) . Possessing a molecular mass of ϳ16 kDa, the lower band corresponded to the calculated molecular mass of the COOHterminal gCTRP9. We have obtained the following evidence supporting that this cleaved fragment is indeed gCTRP9.
First, Eschericchia coli-expressed gCTRP9 (Fig. 3Ab, lane  2) was detected at the same molecular location with the CTRP9 fragment detected in mouse plasma (Fig. 3Aa) . However, gCTRP9 was not detected when fCTRP9 was expressed in E. coli, indicating fCTRP9 is not cleaved in E. coli.
Second, a previous study suggested that gAPN is produced extracellularly by leukocyte-derived elastase (31) . However, a recent study reported that gCTRP12 is produced intracellularly (34) . To determine whether CTRP9 is cleaved extra-or intracellularly, COOH-terminal FLAG-tagged fCTRP9 was expressed in 3T3-L1 adipocytes. CTRP9 was assessed in conditioned medium or cells (after extensive washing) via Western blot using anti-FLAG antibody. Only intact CTRP9 was detected in cell lysis samples (Fig. 3Ba, lane 1) . In contrast, intact and fragmented CTRP9 (similar to that observed in plasma) were detected in conditioned medium (Fig. 3Ba, lane 2) . This result indicates that CTRP9 is cleaved during and/or after its secretion from 3T3-L1 cells into culture medium. Notably, mammalian (Fig. 3Ba, lane 2) , but not bacterial (Fig. 3Ab, lane  1) , cells have the ability to generate fragmented CTRP9.
Third, to obtain more direct evidence that CTRP9 is cleaved in mammalian cells, dual-tag-fCTRP9 plasmid (pCMV24-3XFLAG-fCTRP9-Myc) was generated and transfected into HEK 293T cells. CTRP9 in conditioned medium was detected by anti-FLAG (NH 2 -terminal) or anti-Myc (COOH-terminal) antibody. Two bands were clearly detected with antibody against either NH 2 -terminal FLAG or COOH-terminal Myc (Fig. 3Bb) . Intact CTRP9 localizes at the same position regardless of the antibody employed. However, fragmented CTRP9 is detected at different positions dependent on the antibody employed. A cleaved form (size 20 -25 kDa) was detected with antibody against NH 2 -terminal tagged FLAG (Fig. 3Bb, lane  1) , whereas a cleaved form (size 15-20 kDa) was detected with antibody against COOH-terminal tagged Myc (Fig. 3Bb, lane  2) . These results provide clear evidence that full-length CTRP9 is cleaved, generating smaller COOH-terminal fragments and larger NH 2 -terminal fragments in mammalian cells.
Fourth, since CTRP9 is highly expressed in the heart, we determined whether locally produced CTRP9 is cleaved in the heart. Both intact and fragmented CTRP9 were detected in cardiac tissue after lysis, via antibody specific against the COOH-terminal region of CTRP9 (Fig. 3Ca) . In addition, the COOH-terminal FLAG-tagged fCTRP9 protein purified from HEK 293T cells was incubated with cardiac tissue extracts for 1-4 h in the presence or absence of a protease inhibitor cocktail. CTRP9 was detected by antibody against FLAG. As illustrated in Fig. 3Cb , fragmented CTRP9 was not detected in samples incubated with homogenized buffer solution (lane 1) but was clearly detected in samples incubated with cardiac tissue extract for 2 h (lane 2). Protease inhibitor administration blocked this process (lane 3). The purity of the recombinant fCTRP9 protein was determined by a coomasie blue gel and Western blot analysis (Fig. 3D) .
CTRP9 was first reported by Wong et al. (36) , but the production of gCTRP9 was not described in that study. Since the FBS concentration utilized during the transfection was different in these two experiments (0 vs. 10% in the current study), we thought the presence of FBS might be required for gCTRP9 cleavage. A new experiment was conducted to test this hypothesis. pCMV24-3XFLAG-fCTRP9-Myc plasmid was transfected into HEK 293T cells via calcium phosphate method in 0% FBS medium. After transfection, FBS was added in concentrations of 1, 2, 4, 6, and 10%. Western blot for the gCTRP9 fragment commenced after 48 h of culture. In FBS dose-dependent fashion, the presence of the gCTRP9 fragment was significantly increased when detected by antibody against Myc (which does not recognize plasma CTRP9; Fig. 3E ).
Having demonstrated that gCTRP9 is the primary isoform both produced in the heart and circulating in the plasma, we determined whether gCTRP9 levels are reduced in the diabetic heart. As illustrated in Fig. 4 , both fCTRP9 and gCTRP9 were significantly reduced in the diabetic heart, with gCTRP9 reduction being more significant. This result suggests that diabetes inhibits cardiac CTRP9 gene expression as well as its proteolytic cleavage.
gCTRP9 is the biologically active isoform. To gain more insight into the biological significance of gCTRP9 production, isolated adult cardiomyocytes were treated with gCTRP9 or fCTRP9 (from HEK 239 cell lysis) for 30 min. As summarized in Fig. 5A , treatment of isolated adult cardiomyocytes with gCTRP9 (500 ng/ml) significantly activated key survival kinases, including Akt, AMPK, and eNOS. However, treatment of cardiomyocytes with fCTRP9 at concentrations up to 3 g/ml for 30 min yielded no significant effect on survival kinases. However, when the incubation time of fCTRP9 was extended to 2 h, significant AMPK, Akt, and eNOS phosphorylation was observed (Fig. 5B) . Most importantly, kinase activation activity of fCTRP9 was inhibited when a protease inhibitor cocktail was added (Fig. 5B, rightmost bar) . Our preliminary data demonstrated that protease cocktail inhibitors in isolation do not have any direct effect on AMPK/Akt/eNOS phosphorylation (data not shown). These results indicate that proteolytic cleavage of fCTRP9 is a necessary posttranslational modification that results in generation of the biologically active isoform, gCTRP9.
DISCUSSION
Our current study demonstrates several novel findings. First, CTRP9 mRNA is abundantly expressed in the heart, supporting the reclassification of CTRP9 as a cardiokine. Second, CTRP9 primarily circulates in the plasma as the gCTRP9 isoform. This is different from APN, which circulates in the plasma as multimers containing full-length APN. Third, cardiac tissue lysates possess a strong ability to cleave fCTRP9 into gCTRP9. Fourth, gCTRP9, but not fCTRP9, is capable of activating key cardiac survival kinases.
Diabetes is costly, both financially and in terms of health complications. Cardiovascular complications, particularly ischemic heart disease, are the primary cause of death in diabetic patients, who have substantially increased risk for heart failure (HF) development after similar initial ischemic insult, and endure worse prognosis and greater mortality (2-to 6-fold) compared with nondiabetic HF patients (3, 13, 22) . Post-MI mortality in diabetic patients is not decreased by tightened glycemic control; recent large-scale clinical trials failed to demonstrate the cardiovascular mortality benefit of strict glycemic control in diabetic patients (7, 16) . More than ever, efficacious therapies attenuating diabetic cardiovascular complications are needed.
Adiponectin, the adipokine regarded as "adipocyte-derived insulin", is the most extensively investigated cardioprotective adipokine. Reduced APN levels correlate with increased AMI risk (11, 15, 17) , as well as worse cardiac functional recovery after MI with reperfusion (23, 24) . Exogenous APN supplementation significantly protects the heart against ischemic injury (24, 29) . However, the cardioprotective effects of APN are significantly attenuated in diabetic animals (41) . Moreover, complete APN abrogation results in only mild phenotypic change unless pathologically challenged (e.g., by high-fat diet or ischemia), suggesting existent overlapping regulators. Efforts to identify such regulators have led to the discovery of a family of APN paralogs, designated the C1q/TNF-related proteins (CTRP1 to CTRP15) (20, 37) .
All CTRPs are secreted proteins sharing the same modular organization: a signal peptide, a short amino-terminal region, a variable number of Gly-X-Y collagen repeats, and a carboxylterminal globular C1q domain. Although the CTRP family member roster has rapidly grown since their initial discovery nine years ago, the biological functions of CTRPs have been realized only in recent years. Thus far, most published studies focus upon the beneficial metabolic-regulatory functions of CTRPs (19, 21, 35) . Among these studies, CTRP12 is an insulin-sensitizing, anti-inflammatory adipokine, downregulated by obesity (8) . In the current study, adipose CTRP Fig. 4 . Levels of fCTRP9 and gCTRP9 in mouse heart are significantly reduced after 8 wk of HFD feeding. A: fCTRP9 and gCTRP9 proteins were detected by antibody against COOH terminus of CTRP9. B: blot densities of fCTRP9 and gCTRP9 were analyzed. Data normalized against mean of ND-fed animals; n ϭ 6 -7 animals/group. **P Ͻ 0.01 vs. ND. expression levels in WT and APN-KO mice were screened. Five of 15 total CTRPs screened are significantly upregulated in APN-KO mice, and four CTRPs are significantly reduced in diet-induced diabetic animals. From these data, CTRP3 and CTRP9 were promising CTRP candidates involved in diabetic cardiovascular protection.
Further studies honed our focus upon CTRP9. We demonstrate that CTRP9 mRNA exceeds APN by more than 100-fold in cardiac tissue. CTRP9 can be detected in medium from isolated cardiac cells as early as 1 h after culture. The abundant production of CTRP9 in the heart distinguished it from APN and lent support to the notion it is a cardiokine, part of the secretome milieu produced by the heart, increasingly recognized as essential regulators of cardiac physiology and pathology (25) . Cardiokines maintain normal cardiac function and control pathologic remodeling in response to injury via modulation of myocyte death, fibroblast activation, inflammation, and vascular growth/regression (18, 26) . Cellular secretomes change significantly in response to pathologic stresses (32) . Indeed, we demonstrated that cardiac CTRP9 mRNA levels were significantly reduced 8 and 16 wk in animals fed a high-fat diet, a time period when diet-induced type 2 diabetes develops (41) . Despite increased CTRP9 expression in the APN-KO mouse, the APN-deficient mouse still exhibits exacerbated myocardial ischemia/reperfusion injury compared with WT, suggesting that increased CTRP9 expression alone is insufficient to compensate for intact adiponectin signaling.
Every protein undergoes proteolysis during its synthesis and maturation and again upon inactivation and degradation. Extracellular proteolysis can either activate or inactivate bioactive molecules regulating physiological and pathological processes (10) . For example, matrix metalloproteinase cleaves a number of chemokines/cytokines, including CXCL5/CXCL8, TNF␣, IL-1␤, and TGF␤, converting inactivate forms to active forms via proteolysis (30) . Since APN's initial discovery, its proteolytic cleavage and pertinent biological relevance have been debated. A proteolytic APN cleavage product containing the globular COOH-terminal domain (gAPN) was originally postulated to exist in vivo (9) . gAPN exhibits much stronger (Ͼ20-fold) biological activity than full-length APN (fAPN) and exerts significantly faster biological function upon exogenous administration (39, 40) . Despite the extensive utilization of gAPN as a tool in APN research, its biological relevance remains questioned because circulatory gAPN levels are ex- A: treatment with gCTRP9 (0.5 g/ml) but not fCTRP9 (3 g/ml) for 30 min activates AMPK, Akt, and eNOS in adult cardiomyocytes. B: treatment with fCTRP9 (3 g/ml) for 2 h activates AMPK, Akt, and eNOS. Cotreatment with protease inhibitor (PI) cocktail blocked kinase activation by fCTRP9; n ϭ 10 -12 dishes from Ն3 mice/group. **P Ͻ 0.01 vs. control; ##P Ͻ 0.01 vs. fCTRP9. tremely low. Leukocyte elastase, secreted from activated monocytes and/or neutrophils, may cleave APN and generate gAPN (31) , raising the intriguing possibility that high-molecular-weight APN might be the storage form of APN. gAPN might be generated locally, functioning as the terminal active isoform. However, direct evidence supporting this notion is not currently available, limiting the feasibility of gAPN as a therapeutic agent.
In contrast to APN, several recent studies have provided clear evidence that CTRPs, particularly CTRP12, circulate in plasma primarily as globular domain isoforms. Endopeptidase cleavage of full-length CTRP12 (fCTRP12) by PCSK3/furinat in amino acid position Lys 91 generates the gCTRP12 isoform, a process stimulated by insulin. fCTRP12 forms trimers and larger complexes, but gCTRP12 exists predominantly in dimeric form. More importantly, fCTRP12 and gCTRP12 preferentially activate different downstream signaling pathways. Whereas fCTRP12 activates Akt, gCTRP12 activates MAPK signaling (34) . In the current study, we demonstrated that fCTRP9 is cleaved during and/or after its secretion extracellularly. Most importantly, we have demonstrated that cleavage of fCTRP9 and production of gCTRP9 is a necessary step to generate a biologically active form of CTRP9. gCTRP9, but not fCTRP9, significantly activated key survival kinases, including Akt, AMPK, and eNOS. This is yet another feature distinguishing CTRP9 from APN, as both fAPN and gAPN activate similar intracellular signaling systems (although gAPN does so more potently). These results strongly suggest that proteolytic cleavage of CTRP9 is a physiologically relevant and biologically important posttranslational modification.
Several limitations exist in this study. As no single study can address all meritorious questions, further work is necessary. The specific cell types in the heart responsible for CTRP9 production remain unknown at this time. Furthermore, the precise mechanisms of posttranslational CTRP9 modification (and by what specific proteases) are complex and warrant further investigation. Additionally, divergent or similar signaling pathways stimulated by gCTRP9/fCTRP9 were not the primary focus of the current investigation. As mentioned earlier, gCTRP12 and fCTRP12 do not share similar signaling pathways (34) . As such, studies determining commonalities and differences between gCTRP9/fCTRP9 signaling pathways are also ongoing in our laboratory.
In conclusion, we have demonstrated that CTRP9 is an important molecule in diabetes, and its levels are decreased in a high-fat diet-induced diabetic mouse model. Our data support CTRP9 as a novel cardiokine, produced locally in the heart in concentrations exceeding systemic circulation. We have demonstrated that CTRP9 undergoes proteolytic cleavage to generate gCTRP9, its dominant circulatory and biologically active isoform. Additional studies dissecting the molecular mechanisms responsible for extracellular CTRP9 cleavage in the heart are currently ongoing. 
